Mechanical analysis of injury of spores of B. subtilis by quick decompression was investigated. The stress on the stress concentration point of germinated spores under 200, 300 and 400 MPa treatment was calculated to be 800 MPa, 1200 MPa and 1600 MPa, respectively, where this point was the highest point of stress concentration on the sporecoat. The stress showed values 4 times larger than treatment pressure. Sporecoat is a keratin-like scleroprotein. The tensile strengths of some polymers were 70 MPa (polyester), 50 MPa (vinyl chloride), 70 MPa (nylon) and 20 MPa (polyethylene). From stress analysis, minimum stress of the spore model on the stress concentration point (800 MPa) was higher than the tensile strength of the above polymers. It was indicated that the sporecoat is disrupted by the stresses produced by expansion of inner-spore-water with quick decompression.
The effects of hydrostatic pressure treatments on the destruction of microorganisms were reported 100 years ago (Hite, 1899) , and the application of such technology to food processing has increased in the past decade (Hayashi, 1992) . Bacterial spores were found to be more resistant in hydrostatic pressure treatments than vegetative bacteria (Timson & Short, 1965; Cheftel, 1992; Sonoike 1997) , surviving up to 1200 MPa (Larson et al., 1918; Johnson & ZoBell, 1949; Timson & Short, 1965; Sale et al., 1970) . Hence, it has been suggested that bacterial spores are unlikely to be killed by the hydrostatic pressure treatment at room temperature Sonoike 1997) . Therefore, the sterilizing effects of hydrostatic pressure on bacterial spores in combination with heat (Gould et al., 1973; Okazaki et al., 1994; Roberts & Hoover, 1996) , irradiation (Crawford et al., 1996) , low pH (Roberts & Hoover, 1996) and bacteriocins such as nisin (Roberts & Hoover, 1996) have been studied.
We have been interested in the impulsive force generated by quick decompression and its effect on increasing the inactivation of bacterial spores (Hayakawa et al., 1998) . From this work, we considered that the reciprocal compression (RP) and decompression of hydrostatic pressure could increase the inactivation and injury of bacterial spores compared to continuous pressurization (CP).
RP treatment was effective in inactivating and injuring (Furukawa et al., 2000; . Spores subjected to RP treatment were more morphologically changed (like disrupted) than those treated by CP (Furukawa, 2001) . Reciprocal impulsive force generated by RP treatment was believed to act on the spores, so that they were injured and disrupted. It was hypothesized that the impulsive force was generated through the adiabatic expansion of the inner-spore-water that permeated into the spores through germination.
Hydrostatic pressure initiates the germination of dormant bacterial spores in the germinator-free solution, and germinated sensitive spores are inactivated (Clouston & Wills, 1969; . Our previous results suggested that the hydration of spore biopolymers (germination) by hydrostatic pressure treatment was increased as temperature and pressure increased . Therefore, the hydration water in the spore was believed to expand adiabatically under quick decompression, disrupting biopolymers and the sporecoat.
Spores were therefore thought to be injured and disrupted mechanically by the quick decompression. RP treatment was a mechanical sterilization method. Mechanical disruption of bacterial spores was reported previously (Rode & Foster, 1960; Kondo & Foster, 1967; Aronson & Fitz-James, 1968; Spudich & Kornberg, 1968) . These reports indicated that the bacterial spores could be disrupted mechanically.
The mechanism of the inactivation of spores by RP treatment was indicated to be as follows: pressurization and reciprocal quick decompression initiated germination, and the germinated spores were then injured by the reciprocal quick decompression (Furukawa et al., 2000; Furukawa et al., 2003) .
In this paper, we studied the mechanism of reciprocal quick decompression on the injury and inactivation of the bacterial spores from the viewpoint of mechanical analysis of the stress on the sporecoat.
Materials and Methods
Mechanical analysis The model spore is assumed to be a spheroid. The radius of the major axis of the spore model was 1.0 (m), radius of the minor axis was 0.5 (m), and thickness of the sporecoat was 0.1 (m). These values were determined from scanning electron microscope and transmission electron microscope observations (data not shown). Radius of curvature of the spore model (r 1 , r 2 ) (m) was calculated from the equations as follows (Fig. 2) where "a (μ m)" is radius of the major axis of the spore model, " b ( m)" is radius of the minor axis of spore model and " x " is xco-ordinates, " y " is y -co-ordinates (Timoshenko & WoinowskyKrieger, 1973) . Meridional stress " N 1 (MPa)" and latitudinal stress " N 2 (MPa)" were calculated, respectively, from the equations as follows (Fig. 2) :
(4) where " p (MPa)" is pressure of inner spore at quick decompression (Timoshenko & Woinowsky-Krieger, 1973) . The calculation was conducted according to the membrane theory (Fig. 2) . The membrane stress distribution of the spore model at 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 ( m) point on x -co-ordinates was first calculated. From this analysis, the stress concentration point of the model was determined. The stress concentration point is the intersecting point of y -co-ordinates and the model spore spheroid (Fig. 3) . The stress on the stress concentration point is considered to be dependent on the water content of spores. The content under pressurization could not be determined, so that the stress on the model spore was determined to be the cumulative water content of each spore.
Here, the sphere that has the same radius as the radius of curvature at the stress concentration point of the spore model was assumed, and the stress " N (MPa)" was calculated from the 
equations as follows:
N ϭ pr /(2 t ) (5) where " p (MPa)" is pressure of inner spore at decompression, " r ( m)" is radius of the model sphere and " t ( m)" is thickness of the sporecoat (Sakurai, 1963) . The stress on the stress concentration point was calculated each water content (permeated water content which expands under the quick decompression) of spores (Fig. 4) . Here, the water contents of spores generally ranged from about 25 to 55% (Black & Gerhardt, 1962; Grecz et al., 1970; Beaman et al., 1982; Beaman et al., 1984; Nakashio & Gerhardt, 1985; Hachisuka, 1988) and water contents of germinated spores are generally indicated about 75 to 85% (Black & Gerhardt, 1962; Grecz et al., 1970; Beaman et al., 1982) . In this analysis, water content of ungerminated spores was assumed to be 40% and that of germinated spores 80%. Water content of spores in Fig. 4 was shown as permeated water content which expands under quick decompression; water content of spores was calculated as follows:
where " W c (%)" is water content of spores in Fig. 4 , " W cg (%)" is water content of germinated spores and " W cu (%)" is water content of ungerminated spores. Figure 1 shows the effects of RP and CP treatments on the inactivation of B. subtilis spores. Spores were treated at 25, 35, 45 and 55˚C under 200, 300 and 400 MPa, and the numbers inactivated by RP treatment was higher than those by CP treatment, i.e., reciprocal decompression increased the inactivation of spores. In Fig. 1 , these data on the surviving spores are taken from the study previously reported by Furukawa et al. (2003) .
Results and Discussion
Mechanical analysis of injury on spores by the quick decompression was investigated using B. subtilis spores treated at 200, 300 and 400 MPa, 45˚C. From the mechanical analysis, the stress on the stress concentration point of germinated spores under these treatments was calculated as 800 MPa, 1200 MPa and 1600 MPa, respectively (Fig. 4) . The stress thus showed values 4 times as large as that of treatment pressure.
Sporecoat is a keratin-like scleroprotein. The author compared the stresses on the stress concentration point at quick decompression to the tensile strength of the synthesized polymers: polyester, vinyl chloride, nylon and polyethylene. Their tensile strengths are 70 MPa (polyester), 50 MPa (vinyl chloride), 70 MPa (nylon) and 20 MPa (polyethylene) (Sakurai, 1967) .
From stress analysis, minimum stress of the spore model on the stress concentration point at quick decompression was 800 MPa (at 200 MPa treatment), and that was remarkably higher than the tensile strength of the polymers indicated above. However, in this analysis, calculated stress was minimum, because the analysis was accomplished under a static condition.
Judging from this stress analysis and comparison with the other polymers, it was indicated that the sporecoat is disrupted by the stress generated by expansion of inner-spore-water at quick decompression.
